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To develop a microbe-based bioremediation strategy for cleaning up thorium-contaminated sites, we have 
investigated the biosorption behavior and mechanism of thorium on Bacillus sp. dwc-2, one of the dominant 
species of bacterial groups isolated from soils in Southwest China. Thorium biosorption depended on the pH of 
environment, and its rapid biosorption reached a maximum of up to 10.75 mg Th per gram of the bacteria (wet 
wt.) at pH 3.0. The biosorption agreed bettter with Langmuir isotherm model than Freundlich model, indicating 
that thorium biosorption was a monolayer adsorption. The thermodynamic parameters, negative change in 
Gibbs free energy and positive value in enthalpy and entropy, suggested that the biosorption was spontaneous, 
more favorable at higher temperature and endothermic process with an increase of entropy. Scanning electron 
microscopy (SEM) indicated that thorium initially binded with the cell surface, while transmission electron 
microscopy (TEM) revealed that Th deposited in the cytoplasm and served as cores for growth of element 
precipitation (e.g., phosphate minerals) or by self-precipitation of hydroxides, which is probably controlled by 
ion-exchange, as evidenced by particle induced X-ray emission (PIXE) and enhanced proton backscattering 
spectrometry (EPBS). Fourier Transform Infrared (FTIR) further indicated that thorium biosorption involved 
carboxyl and phosphate groups and protein in complexation or electrostatic interaction. Overall results indicated 
that a combined electrostatic interaction-complexation-ion exchange mechanism could be involved in thorium 
biosorption by Bacillus sp. dwc-2. 
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I. INTRODUCTION 


The development of nuclear science and technology is ac- 
companied with increasing scarcity of available uranium re- 
sources. As potential nuclear fuel, thorium is being explored 
as an alternative for reactors or in other nuclear applica- 
tions [1, 2]. However, thorium has a long half life and high 
toxicity, and is considered as a severe ecological and public 
health hazard [3]. Therefore, understanding the behavior of 
thorium in the environment is important. 

Soil is an important environmental medium with which ra- 
dionuclides can interact and in which radionuclide species 
can undergo transformations. Microbes are an essential part 
of the soil ecosystem. Many are capable of growing and re- 
producing rapidly and tolerating extreme environmental con- 
ditions. The cells have a high surface-to-volume ratio, which 
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can affect the valence, speciation, and chemical behavior of 
some elements under certain conditions, and thereby mod- 
ify their mobility and toxicity through altered solubility, re- 
dox reactivity, and bioaccumulation/biosorption, etc. [4, 5]. 
Among these processes, biosorptive accumulation is of in- 
terest in the development of microbe-based bioremediation 
strategies to clean up contaminated sites. Biosorption as cur- 
rently practiced, and likely be practiced in the future, has been 
extensively reviewed [6-15]. Compared to conventional re- 
mediation methods, which are expensive and ineffective in 
treating low levels of metal [4, 7, 16], biosorption is con- 
sidered as a potential economically attractive alternative, be- 
ing advantageous in its low operating cost, applicability to 
minimal volumes of chemical and/or biological sludge, and 
high efficiency in detoxifying dilute waste streams [17, 18]. 
Furthermore, biosorbent materials often have a high metal- 
loading capacity and in some cases are highly specific for 
certain elements of particular interest [19]. 


Exploration of the microbe-radionuclide interactions has 
recently gained interest, and clarification of the under- 
lying mechanism will benefit to better devise effective 
and economically feasible microbial biosorption processes 
for contaminated sites. Biosorption of thorium was in- 
vestigated using microbes such as Rhizopus arrhizus [1], 
Citrobacter sp. [20], Pseudomonas [21], Micrococcus lu- 
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teus [22], Arthrobacter nicotianae, Bacillus megaterium, and 
Rhodococcus erythropolis [23], Streptomyces levoris [24], 
Sargassum filipendula (25, 26], Bacillus sp. [27], Cellu- 
losimicrobium cellulans [28], and Agaricus bisporus [29]. 
Only a few reports are available on the mechanism of tho- 
rium biosorption, hence the need of studying in more detail. 
Among the few reports, Tsezos and Volesky [1, 30] inves- 
tigated U and Th biosorption by Rhizopus arrhizus and in- 
dicated that the biosorption mechanism consists of at least 
three processes (coordination, adsorption and precipitation). 
Santamaria et al. [31, 32] reported that thorium affects the 
growth and capsule morphology of Bradyrhizobium in liq- 
uid medium and suggested that this might be a specific de- 
fense mechanism involving thorium precipitation by extra- 
cellular polymers. Kazy et al. [33] investigated the chemi- 
cal nature and mechanism of uranium and thorium seques- 
tration by a Pseudomonas strain using transmission electron 
microscopy, atomic force microscopy, energy dispersive X- 
ray analysis, FTIR spectroscopy and X-ray diffractometry, 
and indicated a combined mechanism of ion exchange— 
complexation—microprecipitation could be involved in ura- 
nium and thorium sequestration by this bacterium. 


In this paper, we evaluate the diversity of microbial com- 
munities in the aerobic zone of soil in Southwest China. 
Bacillus sp. dwc-2, a dominant bacterium at a depth of 
3.5m in this soil, is chosen to investigate its interaction 
with thorium, aimed at studying thorium behavior in pres- 
ence of strain dwc-2 and mechanism of their interactions, 
so as to develop a bioremediation strategy for cleaning up 
thorium-contaminated sites. Scanning electron microscopy 
(SEM) and energy dispersive spectroscopy (EDS), transmis- 
sion electron microscopy (TEM), Fourier transform infrared 
spectroscopy (FTIR), particle induced X-ray emission (PIXE) 
and enhanced proton backscattering spectrometry (EPBS) are 
employed to study the thorium/bacterium interaction. 


Il. MATERIALS AND METHODS 
A. Materials and reagents 


Soil samples were obtained from a disposal site planned 
for very low radioactive waste treatment in Southwest China. 
Thorium nitrate (Th(NO,),-4H,O,.) was provided by 
LEA Company (France). A stock solution of Th (1 g/L) 
was prepared by dissolving 2.983 g of Th(NO3), -4H,O in 
1000 mL using 2.0 mol/L HNO. Diluted solutions were pre- 
pared by appropriate dilution of stock solution in distilled wa- 
ter. All the other chemicals used in this study were of analyt- 
ical grade unless stated otherwise. 


All glassware for the biosorption experiments were rou- 
tinely washed with 0.5 mol/L HNO, and rinsed extensively 
with distilled water to prevent interference by contaminants. 
The pH of each solution was measured using a digital pH 
meter and adjusted by the addition of 0.5 mol/L HNO, or 
0.5 mol/L NaOH solution. 
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B. Strain cultivation and identification 


Microbes were all extracted from soil without further treat- 
ment. Microbial communities of the samples were ana- 
lyzed using spread plate method with three kinds of general 
medium (bacteria, fungi, and actinomycete). Pure cultures 
of bacteria were derived from colonies on the spread plates 
from the bacterial enumerations from soil samples. They 
were cultured in liquid medium (303.15 K, 250 mL conical 
flask, shaking speed: 150 r/min) consisting of (g/L): beef ex- 
tract, 3; peptone, 10; NaCl, 5. The medium was adjusted to 
pH 7.0-7.2. After growth of 3-5 days, the bacteria were har- 
vested by centrifugation at 4000 r/min for 10 min and washed 
several times with sterile water before use in an experiment. 
The dead cells were obtained by autoclaving at 394.15 K ina 
high-pressure steam sterilizer. 

The bacteria were subjected to DNA extraction us- 
ing the cetyltrimethylammonium bromide (CTAB) method, 
which was used as a template for PCR amplification of 
the 16S rRNA gene sequence. PCR mixtures used for 
amplification of bacterial sequences contained 0.75 pmol/L 
of each primer, 2.5umol/L of premixed deoxynucleoside 
triphosphates (dNTPs), 2.5uL of 10xKOD buffer, 0.5U 
of KOD-plus-neo DNA polymerase (TOYOBO company, 
Japan), 1ng of DNA template, 1.5 umol/L of Mg” and ster- 
ile water to a final volume of 25 uL. PCR amplification was 
begun with an initial denaturation at 371.15 K for 2 min, fol- 
lowed by 30 cycles of denaturation at 371.15 K for 10 sec, 
annealing at 327.15 K for 30s, and extension at 341.15 K 
for 1min. A final extension was run at 341.15 K for 1 min. 
The amplification products were subjected to DNA sequenc- 
ing (BGI, Beijing). The sequences were subjected to a 
BLAST research to assess taxonomic hierarchy from NCBI 
(http://www.ncbi.nlm.nih.gov/), and multiple sequence align- 
ment was performed with Clustal X version (Institut de Gene- 
tique et de Biologie Moleculaire et Cellulaire, France). 


C. Biosorption experiments 


Biosorption experiments were performed by a batch equili- 
bration method. Except described otherwise, for all biosorp- 
tion experiments, the biomass of 5 wet weignt/L (Bacillus sp. 
dwc-2) was added to a plastic centrifuge tube containing Th 
with a concentration of 10 mg/L at pH 3.0. The effect of pH 
was investigated in the range of pH 1.0-7.0. When studying 
the effect of contact time, we sampled and analyzed during 
specific time intervals. The mixture was shaken (150 r/min) 
for 4h at 303.15K in a constant temperature shaker. A 
2.0 mL-sample was then extracted from the reaction mixture, 
centrifuged (10 000 r/min, 5min) at room temperature, and 
analyzed to measure the Th concentration in the supernatant 
liquid by UV-Vis spectrophotometer at 660 nm as described 
below. 

The results were expressed as the sorption ratio (R, %) and 
the sorption capacity (qe, mg metal/g biomass wet weight.). 
The sorption ratio and capacity were calculated as: 


060301-2 


BIOSORPTION BEHAVIOR AND... 


R = (1 — C/Co) x 100%, (1) 


qe = (Co — C)V/m, (2) 


where V is the sample volume (mL); Co is the initial thorium 
concentration (mg/L); C is the equilibrium or final thorium 
concentration (mg/L); and m is the biomass wet weight (mg). 


D. Determination of thorium concentration 


The concentration of Th(IV) was measured with a UV-Vis 
spectrophotometer (Shimadzu, UV2450) using arsenazo III 
reagent [34]. To a glass flask containing 1.0mL of Th(IV) 
solution, 1.0mL of 8% oxalic acid, 1.0mL of 5% ascorbic 
acid, 1.0 mL of 10% urea as well as 1.0 mL of a 0.06% aque- 
ous solution of arsenazo III were added. The final volume 
of the reaction mixture was accurately adjusted to 25 mL by 
addition of 6 mol/L HNO;. After 20 min, the absorbance of 
the reaction mixture was measured in a 1cm quartz cell at 
660 nm. 


E. SEM analysis 


SEM (Hitachi, S4800) was used to observe the location of 
the adsorbed thorium ions on the bacteria. After centrifu- 
gation at 10000r/min for 5min at room temperature of a 
suspension of bacterial cells, the cell pellet was fixed with 
2.5% glutaraldehyde at 277.15 K for 4h. The fixed cells were 
washed at least 3 times with distilled water, dehydrated suc- 
cessively in 10%, 30%, 50%, 70%, 80%, and 90% ethanol, 
and then placed in acetate-iso-pentalipid. Finally, the cells 
were dried by the critical point drying method and coated with 
a thin layer of Au. 


F. TEM analysis 


Cells of Bacillus sp. dwc-2 with and without Th ad- 
sorbed by them were examined by TEM (FEI, Tecnai G2 
F20 S-TWIN). For this study, the cells grown in the liquid 
medium with and without added thorium were separated by 
centrifugation at 10 000 r/min for 5 min at room temperature, 
fixed in 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer 
at 277.15K for 4h, treated with 1% OsO, at 277.15K for 
30 min, and then dehydrated through a graded ethanol series 
(10%, 30%, 50%, 70%, 80%, and 90%) for 10 min. The dehy- 
drated samples were embedded in epoxy resins and sectioned 
into ultra-thin specimens. Thin specimen sections were sup- 
ported on copper grids and examined using TEM. 


G. FTIR analysis 


The IR spectra in the 4000-400 cm~! range were recorded 
for the original and Th-adsorbed Bacillus sp. dwc-2 us- 
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ing a FTIR (Thermo, Nicolet 6700). Cell samples were 
dried at 353.15 K and then prepared using the standard KBr 
method [35]. 


H. PIXE and EPBS analyses 


Bacillus sp. dwc-2 grown in presence and absence of 
added thorium was dried at 353.15 K and pressed to form a 
pellet for PIXE and EPBS analyses. The PIXE and EPBS 
analyses were performed with 2 MeV proton beams from the 
Van de Graaff accelerator in the Institute of the Nuclear Sci- 
ence and Technology, Sichuan University. The proton beams 
bombarded vertically on the samples. EPBS spectra were 
recorded at a scattering angle of 165° by an Au(Si) detec- 
tor with depletion depth of 100 um. The proton-induced X- 
rays were detected at 135° by a Si(Li) detector. The EPBS 
and PIXE spectra were analyzed by using the computer codes 
SIMNRA (Max-Planck-Institut fiir Plasmaphysik, Germany) 
and GUPIXWIN (University of Guelph Guelph, Canada), re- 
spectively. 


HI. RESULTS AND DISCUSSION 
A. Identification of bacterial isolate 


By using spread plates method, the bacterial enu- 
merations from soil samples were 4.3 x 10° cfu/g (fungi, 
1.2 x 10° cfu/g; actinomycete, 6.5 x 10? cfu/g). A phy- 
logenic tree was constructed by neighbor-joining method 
(Fig. 1). Multiple alignment of the phylogenic tree shows that 
the bacterial isolate dwc-2 is closely related and has 100% ho- 
mology to Bacillus sp. PSM10. Therefore strain dwc-2 was 
identified as Bacillus sp. dwc-2. Its 16S rRNA sequence has 
been deposited in GenBank under access NO. KC508632. 


B. Th biosorption by Bacillus sp. dwe-2 
1. Effect of pH 


Many previous reports showed that pH or acidity is an im- 
portant factor influencing the biosorption of radionuclides or 
heavy metals by microbes [14, 18, 19]. Similarly, we found 
that pH had a significant effect on thorium biosorption by 
living and dead cells of Bacillus sp. dwc-2. As shown in 
Fig. 2(a), in 4h, at an initial Th content of 10 mg/L, for 
the living cells the sorption ratio increased with pH value 
up to about pH 5.0; while for dead cells it declined slightly 
from pH 1.0 to 4.0, and increased sharply from pH 4.0 to 
5.0. Without the cells (the control), thorium solution be- 
gan to hydrolyze beyond pH 3.0 and completely hydrolyze 
at about pH 5.5. Figure 2(c) shows the distribution of tho- 
rium species computed by Visual MINTEQ 3.0, the solu- 
ble thorium species like Th** decrease, while hydrolyzed 
species Th(OH)** and Th(OH)3* predominate [36, 37]. The 
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Fig. 1. Phylogenetic tree of bacterial isolate dwc-2 and related genera of Bacillus sp. based on 16S rRNA sequences. 
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Fig. 2. (Color online) Thorium biosorption by living and dead cells of Bacillus sp. dwc-2, as a function of pH (a) and contact time (b); and 


speciation of thorium as a function of pH (c). 


hydrolyzed species like [Th(OH),]” and other polymerized 
thorium species have been proven to possess a greater bind- 
ing affinity for the biomass functional groups than soluble 
Th** [21, 38]. The high biosorption of thorium on biomass 
at pH>5.0 can also be attributed to the partial precipitation 
or coprecipitation of Th(IV) owing to the predominated hy- 
drolyzed thorium species at high pH. Thus, we set pH 3.0 for 
the subsequent biosorption experiments, except as otherwise 
described. 


Based on these results, we inferred that the effect of pH on 
thorium biosorption involved a change in net charge on the 
surface of the cells. For microbes, the isoelectric point (pl) 
usually ranges from 2.5 to 3.5 [5]. So at higher pH than the 
isoelectric point, cell surface was negatively charged, and the 
electrostatic attraction between thorium and bacteria was en- 
hanced. The negative charge might come from the functional 
groups of cell surface including carboxyl, hydroxyl and phos- 
phate groups, etc. (see FTIR analysis, Section II C3). Since 
thorium is tetravalent, it has higher affinity to the cell surface 
than other cations of low valence, such as K*, Mg”* and Fe** 
for these functional group sites. At pH values smaller than 
the isoelectric point, cells may be neutralized or become pos- 
itively charged, explaining why the sorption ratio was low at 
pH 1.0-2.0. It indicated that electrostatic interaction was a 
major contributor to the thorium biosorption on Bacillus sp. 
dwe-2. 


2. Effect of contact time 


To further verify the biosorption behavior, we investigated 
the effect of contact time on thorium biosorption by the liv- 
ing and dead cells (Fig. 2(b)). Again, the biosorption behav- 
ior of living cells differs from that of the dead cells. For the 
living cells, the sorption ratio increased gradually with time 
and reached equilibrium within 4h; while for the dead cells it 
reached equilibrium in just 5 min. This may suggest different 
sorption mechanisms. 


Based on this result, the contact time was set to 4h for 
the other biosorption experiments unless otherwise indicated. 
Compared with the dead bacteria, thorium biosorption of the 
living cells not only depended on its physical and chemical 
sorption, but also relied on its metabolism, thus the balance 
time was relatively long. Microbes adsorb and accumulate 
nuclides depending on metabolism, which are generally di- 
vided into two cases: 1) rely on energy and carriers to actively 
adsorb nuclides; and 2) rely on some materials produced by 
metabolism, or structural changes in the cells to passively ad- 
sorb nuclides [32]. So far, the first case is rare, and the living 
cells are unlikely to actively adsorb thorium depending on 
energy and carriers due to its chemical toxicity and radioac- 
tivity. The living cells passively adsorb thorium may rely on 
materials produced or structures changed by metabolism. 
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3. Effect of biomass concentration and initial thorium 
concentration 


The effect of biomass concentration on thorium biosorp- 
tion by the living bacteria was presented in Fig. 3(a). The 
sorption ratio increased with biomass concentration from 0.5 
to 4.0 g/L, with a sharp increase of about 80%. After that, it 
reached a plateau. The effect of initial thorium concentration 
on biosorption by the living cells was shown in Fig. 3(b). The 
sorption capacity increased with initial thorium concentration 
and reached 10.75 mg/g (wet weight). 


100 
80 7 
A 60 (æ = 10 mg/L| 4 
2 V=20mL ] 
X 40 pH=3.0 q 
t=4h ] 
20 T= 303.15 K 4 

0 


0 2 4 6 8 10 12 14 16 
Csacillussp. (mg*mL-*) 


M= 100 mg 
V=20 mL 
pH=3.0 
t=4h 

T= 303.15 K 


ge (mg'g"*) 


0 10 20 30 40 50 60 70 
Co (mg°L-*) 


Fig. 3. Thorium biosorption by living cells of Bacillus sp. dwc-2 as 
function of biomass wet weight (a) and thorium concentration (b). 


The results were evaluated by Langmuir isotherm and Fre- 
undlich isotherm. The Langmuir isotherm model assumes 
that the adsorbate molecules form an adsorbed layer one 
molecule in thickness and that all sites are equal. It can be 
expressed as 

Co 1 Co 


=s— +; (3) 
de bam Am 


where qm (mg/g) and b (L/mg) are the measure of Langmuir 
monolayer sorption capacity and the equilibrium constant, re- 
spectively. 

The Freundlich isotherm is employed to describe heteroge- 
neous systems, which assumes that sorbent surface sites have 
a spectrum of different binding energies. It is given by fol- 
lowing equation, 


1 
Ing = ln Kp + — ln Co, (4) 
n 
where Kr [(mg/g) (L/mg)!/ n] and n are the Freundlich con- 


stants which are related to sorption capacity of the sorbent 
and the intensity of sorption, respectively. 
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The correlation coefficients and corresponding parameters 
listed in Table 1 were calculated from the slopes and inter- 
cepts of the plots of 1/qe versus 1/Co and In qe versus In Co. 
The experimental data fitted the Langmuir isotherm model 
better than the Freundlich isotherm model, indicating that the 
biosorption of Th formed a monolayer coverage. 


4. Thermodynamic studies 


The biosorptive thermodynamics is important to under- 
stand the biosorption mechanism of Th by the living cells of 
Bacillus sp. dwc-2. The biosorption of Th was investigated as 
a function of temperature. As shown in Fig. 4(a), the amounts 
of Th adsorbed increased with temperature, indicating that 
higher temperature was beneficial to the Th biosorption. The 
change of thermodynamic parameters of biosorption process 
can be acquired by Eq. (5), 


(5) 


where /¢q is the distribution coefficient (mg/g), T is the abso- 
lute temperature (K), R is the gas constant (8.314 J/(mol K)), 
AS is the change of entropy (J/(molK)), and AH is the 
change of enthalpy (kJ/mol). The change of Gibbs free en- 
ergy (AG) values can be obtained using Eq. (6): 


AG = AH — TAS. (6) 


270 280 290 300 310 
Temperature (K) 


320 330 


6.0 
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 
1/7 (K+) 


Fig. 4. Effect of temperature on Th biosorption by the living cells of 
Bacillus sp. dwc-2 (a) and variation of In Ka with T~' (b). (Co = 
100 mg/L, M = 100mg, V = 20 mL, pH = 3.0, t = 4h) 


The values of AH and AS, calculated from the slope and 
intercept of the plots of In Ka versus T~! (Fig. 4(b)), were 
listed in Table 2, and the values of AG were derived using 
Eq. (6). The positive AH value showed that the thorium 
biosorption was endothermic, and the positive value of AS 
revealed the increasing randomness during the biosorption 
process. The negative AG values indicates that the biosorp- 
tion process is spontaneous, and the decrease of AG val- 
ues with increasing temperature suggests that the thorium 
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TABLE 1. Parameters at 303.15 K for Langmuir and Freundlich isotherm models of Th biosorption by living cells of Bacillus sp. dwc-2 


Microbe Langmuir isotherm Freundlich isotherm 
qm (mg/g) b (Limg) R? Kr [(mg/g) (L/mg)™”] n R? 
Bacillus sp. dwc-2 11.42 0.2577 0.9930 1.8787 2.2012 0.9803 


biosorption process may be more favorable at higher temper- 
atures. 


C. Biosorption mechanism involving thorium on Bacillus sp. 
dwc-2 


1. SEM analysis 


SEM was used to explore the microscopic behavior of mi- 
crobial sorption. Figure 5 shows SEM images of the living 
cells before and after biosorption, surfaces of the cell after 
biosorption became very rough, with small granular material 
accumulated, and by EDS analysis the small granular mate- 
rial is thorium (Th**). SEM and EDS analysis was done with 
the dead cells, and the results (not shown) are quite the same 
as results of the living cells. Previous analyses indicated that 
the surface of microbial cells were rich in carboxyl, hydroxyl, 
and amino groups, which can bind nuclides via complexation 
or electrostatic interaction. Effect of pH on thorium biosorp- 
tion implied that electrostatic interaction was an important 
mechanism. Consequently, we may conclude that the bacteria 
absorbed Th mainly via electrostatic interaction, which de- 
pends on the nature of the surface groups negatively charged. 
Meanwhile, we cannot rule out the possibility that the surface 
groups complexed Th**. 


Au Au Au 
Au AuAu Au 


6 8 10 12 14 16 keV 0 8 


Th Th 
Th Th ThTh Th 


10 12 14 16 keV 


Fig. 5. (Color online) SEM images of living cells of Bacillus sp. 
dwc-2 before (a) and after (b) biosorption, and the relative EDS 
spectra (c and d). (Co = 10 mgL~', pH = 3.0, T = 303.15 K) 


2. TEM analysis 


Upon its biosorption by Bacillus sp. dcw-2, thorium ions 
may attach to the cell surface or migrate into the cell. Al- 


Fig. 6. TEM images of living cells of Bacillus sp. dwc-2 before 
(a) and after (b) biosorption, the dead cells before (c) and after (d) 
biosorption. (Co = 10 mg/L, pH = 3.0, T = 303.15 K) 


though most heavy metals are not needed for the life of mi- 
crobes, some of them can indeed cross the cell membrane, via 
diffusion, nonspecific uptake system, or ion channels. Here 
TEM was employed to explore the topology of the cells after 
their biosorption of Th. The TEM images (Fig. 6) show that 
structures of living and dead cells changed differently after 
biosorption. From Figs. 6(a) and 6(b), the cells structures of 
living bacteria after biosorption were complete. Th absorbed 
did not enter into the center region of cells (white center re- 
gion in Fig. 6(b)), and mainly deposited in the cytoplasm. 
For the dead bacteria, however, the cells structures were de- 
stroyed by autoclaving (Figs. 6(c) and 6(d)). As reported be- 
fore [39, 40], metal binding to anionic functional groups on 
cell surface is a metal resistance and protection mechanism. 
In response to metal presence, the living microbes immobi- 
lize the toxic metal by extracellular materials and prevent it 
from entering into the cells. In contrast, the dead cell struc- 
ture was destroyed and cannot immobilize the toxic metal. 
Therefore, thorium ions may enter into cytoplasm through 
osmosis, diffusion, or other pathways, but not being actively 
transported into cells [33]. In addition, in Fig. 6(b), many fine 
particles can be seen in the cells after the biosorption (the ar- 
rows). The particles could be Th, and they served as cores for 
growth of element precipitation (e.g., phosphate minerals) or 
by self-precipitation of hydroxides. 
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TABLE 2. Thermodynamic parameters for Th biosorption by living cells of Bacillus sp. dwc-2 


Microbe AH (mg/g) AS (mg/g) AG (mg/g) 
278.15K 283.15 K 293.15K 303.15 K 313.15K 323.15K 
Bacillus sp. dwe-2 35.81 181.90 —14.78 —15.70 —17.52 —19.33 —21.15 —22.97 


4000 3500 3000 2500 2000 1500 
Wavenumber (cm-1) 


1000 


500 


1500 
Wavenumber (cm-!) 


4000 3500 3000 2500 2000 1000 500 


Fig. 7. FTIR spectra of the living (a) and dead (b) cells of Bacillus sp. dwc-2 before and after biosorption. (Co = 10 mg/L, pH = 3.0, 


T = 303.15 K) 
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Fig. 8. PIXE spectra of the living cells of Bacillus sp. dwc-2 before (a) and after (b) biosorption, the dead cells before (c) and after (d) 


biosorption. (Co = 10 mg/L, pH = 3.0, T = 303.15 K) 


3. FTIR analysis 


Figure 7 shows FTIR spectra of living and dead cells be- 
fore and after thorium biosorption. The FTIR spectra of liv- 
ing cells after biosorption were roughly identical to that of 
living cells before biosorption, and this was also true for the 
dead cells. The FTIR spectra of all the bacterial preparations 
had intense peaks at a frequency level of 3 400-3 200 cm~! 
representing —OH stretching of carboxylic groups and also 
representing stretching of -NH groups [41]. All spectra for 


the bacterial samples, living or dead, revealed presence of 
protein related bands. The spectra after biosorption showed 
a peak shift from 3 386 cm~! to 3 400 cm~! in the living 
cells and a weakened peak intensity of the 3 407 cm~! in 
the dead cells, which indicated the binding of thorium with 
hydroxyl and amino groups, namely protein. The yC=O of 
amide I and S)NH/yC=O combination of the amide II bonds 
were prominent at ~1 665 cm~! and 1 545 cm7}, respec- 
tively [33]. Compared to the original living cells, a minor 
shift from 1 539 cm~! to 1 535 cm~! and a strengthened 
peak intensity of the ~1 728 cm~! (C=O) [42], reflected 
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Fig. 9. EPBS spectra of the living cells of Bacillus sp. dwc-2 before (a) and after (b) biosorption, the dead cells before (c) and after (d) 


biosorption. (Co = 10 mg/L, pH = 3.0, T = 303.15 K) 


some alteration in the secondary structure of cellular proteins. 
The peaks 1 384 cm™! of the spectra after biosorption were 
significantly weakened, confirming the role of C(=O)—O- 
stretching vibration [43], and the peaks at 1 307 or 1 311 
cm! corresponding to stretching of non-ionized carboxylic 
groups (C—OH) disappeared [44]. The difference was due 
to the presence of carboxyl groups, and indicated the im- 
portant role of carboxyl groups in thorium binding. The 
asymmetric stretching modes of protonated polyphosphates 
and POgncomplexed in phosphate diesters have been shown to 
have strong absorption at around 1 240 cm! [45]. A de- 
crease in intensity and a gradual shift at 1 232 cm~! indi- 
cated the weakening of the P=O character as a result of tho- 
rium binding to the phosphates. The gradual peaks from 823 
to 825 cm7! in the living cells and from 816 to 825 cm7! in 
the dead cells were due to phosphate functional groups [46], 
too. The overall spectral analysis strongly supported the ma- 
jor role of carboxyl, phosphate and protein in thorium binding 
by the bacterial biomass via complexation. 


4. PIXE and EPBS analyses 


PIXE and EPBS techniques were used to further investi- 
gate the biosorption mechanism. PIXE is a nondestructive, si- 
multaneous trace multi-element analytical technique [47, 48]. 
Depending on proton energy and sample preparation, detec- 
tion limits may be as low as ug/g with common figures in the 
mg/g range [49]. However, few reports of PIXE analyses of 
metal-adsorbed microorganisms were identified prior to this 
study. Based on these precedents, we used PIXE to analyze 


TABLE 3. Elemental contents of living and dead cells of Bacillus 
sp. dwc-2 before and after biosorption of Th, determined by PIXE 


Bacillus sp. dwe-2 Elemental mass percentage (%) 


Mg P S K Fe Th 

Living Before adsorption 1.16 5.84 0.15 1.05 1.46 — 
cells After adsorption — 1.04 0.46 0.07 0.05 26.61 

Dead Before adsorption — 0.91 0.27 0.16 0.05 — 
cells After adsorption — 0.73 0.54 0.04 0.03 20.31 


TABLE 4. Elemental contents of living and dead cells of Bacillus 
sp. dwc-2 before and after biosorption of Th, determined by EPBS 


Bacillus sp. dwc-2 Elemental mass percentage (%) 
G (0) N P Ca Th 
Living Before adsorption 57.06 17.34 13.78 2.49 2.32 — 
cells After adsorption 48.21 17.35 12.52 2.51 2.53 10.65 
Dead Before adsorption 63.80 12.64 13.31 1.68 1.37 — 


cells After adsorption 48.23 19.45 13.07 2.14 2.06 8.68 


the elemental change in Bacillus sp. dwc-2 before and after 
biosorption. Considering PIXE cannot determine light ele- 
ments, we combined EPBS and PIXE tests to better observe 
the full elemental composition. As showed in Figs. 8 and 9, 
after biosorption thorium peaks can be seen in the PIXE and 
EPBS spectra (Figs. 8(b) and 8(d), Figs. 9(b) and 9(d)), which 
were not detected before biosorption (Figs. 8(a) and 8(c), 
Figs. 9(a) and 9(c)). It demonstrated that Th was absorbed 
by Bacillus sp. dwc-2. 

The element mass percentages of living and dead cells be- 
fore and after biosorption were calculated from the PIXE 
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and EPBS spectra to provide a quantitative analysis (Tables 3 
and 4). Some reports also used PIXE to investigate biosorp- 
tion as an analytical technique [50, 52-54], but they tended to 
get results through qualitative analysis rather than quantitative 
analysis. Our PIXE results showed that the amounts of K*, 
Mg” and Fe** decreased to different extents after biosorp- 
tion, especially Mg”*, which almost disappeared completely. 
These ions might be replaced by Th” via ion-exchange. Ac- 
cording to the literature [5], the size and charge of cation 
helps to determine the strength of biosorption. In their ex- 
cess presence, thorium ions may initially compete for the lim- 
ited number of cation sorption sites presented in Bacillus sp. 
dwe-2 by replacing less charged cations such as K*, Mg” 
and Fe**. The above analysis indicated that ion-exchange was 
also a biosorption pathway for thorium. 


IV. CONCLUSION 


The biosorption of thorium on Bacillus sp. dwc-2 was a 
complicated process controlled by many environmental vari- 
ables such as pH, contact time, temperature, thorium and 
biomass concentration. In the presence of bacteria, the 
biosorption of thorium was a pH-dependent process and cer- 
tain amounts of thorium were quickly adsorbed onto bac- 
teria. The biosorption experiments indicated that thorium 
biosorption had an optimum pH of 3.0 and a maximum sorp- 
tion capacity of 10.75 mg/g (wet wt.). The living cells need 
more time (4h) to reach equilibrium than dead cells (5 min). 
Electrostatic interaction was a major driving force for the 
biosorption. The biosorption agreed better with the Lang- 
muir isotherm model than the Freundlich model, indicating 
that the Th biosorption formed a monolayer coverage. The 
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thermodynamic parameters, negative change in Gibbs free en- 
ergy, and positive value in enthalpy and entropy, revealed that 
the biosorption was spontaneous, more favorable at higher 
temperature and endothermic process with an increase of en- 
tropy. SEM-EDS analysis showed that small granular ma- 
terial adsorbed on the cell surface was likely to be thorium 
ions. TEM analysis revealed that the structures of living and 
dead cells were different. For the living bacteria, their cells 
structures after biosorption were complete, not be destroyed 
and Th absorbed mainly deposited in the cytoplasm served 
as cores for growth of element precipitation (e.g., phosphate 
minerals) or by self-precipitation of hydroxides, and could 
not enter into the center region of cells. Meanwhile, for the 
dead bacteria, their structures were destroyed by autoclav- 
ing at 394.15K and Th can enter into the center region of 
cells. FTIR analysis combined with biosorption experiments 
further indicated that thorium biosorption on cells were as- 
sociated with carboxyl, phosphate and protein, and might be 
governed by complexation or electrostatic interaction. In ad- 
dition, PIXE and EPBS analyses showed that K*, Mg”* and 
Fe** were replaced by th? (ion-exchange). These results in- 
dicated that electrostatic interaction, complexation, and ion- 
exchange could be involved in thorium biosorption by this 
bacterium. Our findings in biosorption of thorium-Bacillus 
sp. dwc-2 system have established a strong basis for future 
investigation and modeling of microbe-based bioremediation 
strategies to clean up thorium-contaminated sites. 
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